Cross-linked polymer networks are widely used as structural and protective materials, which require strength and toughness. Experiments have shown that cross-linked poly(dicyclopentadiene) (pDCPD) networks provide similar strength but superior fracture toughness relative to commonly-used network chemistries like epoxy. To better understand pDCPD, we use atomistic molecular dynamics to study the properties of pDCPD networks across the glass transition as a function of molecular weight between crosslinks. Moreover, we identify molecular mechanisms that potentially control mechanical and transport properties. The alpha-relaxation (the glass transition) is linked to intra-chain motions and large-scale segmental motions, while sub-T g relaxations are linked with more localized motions.
Introduction
Cross-linked polymer networks are widely used in commercial and military applications, where they function as structural and protective materials [1] [2] [3] . In particular, the resistance of crosslinked polymers to high strain rate impact events is desirable for many applications. Accordingly, numerous experimental studies of cross-linked polymers, such as epoxy resins, have been conducted with the overall goal of improving impact resistance [1, [4] [5] [6] . Although epoxy resins are widely used in applications requiring ballistic performance, resins with the high strength and stiffness necessary for structural applications typically have inferior toughness [7] . In a recent study, we demonstrated that alternative chemistries can overcome this trade-off between strength and toughness [8] . Specifically, cross-linked poly(dicyclopentadiene) (pDCPD) has exceptional ballistic performance compared to epoxy resins, which appears to be related to the high fracture toughness of pDCPD. The molecular mechanism underlying this exceptional toughness was not readily identifiable, but it is desirable to determine this mechanism.
Distinctively, pDCPD is a pure hydrocarbon (Figure 1 ), therefore causing the chemical structure and physical properties to differ sharply from typical epoxy-amine polymer networks. One chemistry-dependent contribution to mechanical properties is molecular motions at the glass transition and in the glassy state, i.e. sub-T g relaxations [9, 10] . These motions have been reported to improve mechanical properties by dissipating energy [9, 10] and are well-understood in epoxies and other common network chemistries [11] . But, despite the common use of pDCPD in applications requiring stiffness, impact resistance, and corrosion resistance, such as chemical process equipment and coverings for heavy machinery, its molecular-level behavior is not well-studied [4, 8, 12, 13] . In this work, we analyze the molecular relaxation mechanisms of pDCPD networks which underlie the experimental observations of temperature-and frequency-dependent bulk properties.
Methods

Design of pDCPD networks for simulations
Motivated by a recent experimental study of pDCPD networks [8] , we constructed cross-linked pDCPD networks based on the chemical structure shown in Figure 1a . Because the molecular weight between cross-links, M C , strongly affects the properties of cross-linked polymers [14] , we constructed models with M C similar to the pDCPD network synthesized by Knorr et al. [8] . Although M C can be measured experimentally with dynamic mechanical analysis (DMA) and the theory of rubber elasticity, uncertainty is introduced by finite chain stiffness and interchain interactions [15] . Therefore, we constructed three pDCPD networks with different M C by using linear segments composed of n monomers (Figure 1b This document is a U.S. government work and is not subject to copyright in the United States. M C = 859 g/mol) encompass the experimental M C value (670 g/mol, [8] ) and provide information about the variation of pDCPD network properties with M C . The third pDCPD network, pDCPD-1 (n = 1, M C = 198 g/mol), provides information about the behavior of highly cross-linked pDCPD networks. We calculate M C from the network stoichiometry as suggested by Crawford and Lesser [15] as
where MW L is the molecular weight of the linear segment, MW X is the molecular weight of the cross-linker, and f is the functionality of the cross-linkers (f = 4 in this study). Besides M C , several other parameters define a pDCPD network. First, the catalyst or reaction conditions of polymerization may affect the type of cross-linker [16, 17] . In this study, we chose the cross-linker structure in which both the cyclopentenic and norbornenic rings have undergone ring-opening [18] . Second, different catalysts or reaction conditions may produce different proportions of cis and trans double bonds within the linear pDCPD segments [16] . For this study, we constructed networks with these double bonds in a cis configuration. Lastly, DCPD typically exists as a mixture of endo and exo isomers. Since commercial mixtures primarily contain endo isomers [19] , we constructed pDCPD networks from endo monomers. Future work could examine the effects of alternate cross-linker structures, trans bonds, and exo isomers. Additional details about these systems are given in Table 1 . As in previous work [20, 21] , the relatively large size of these systems (∼200 000 atoms) was chosen to reduce statistical uncertainty [22] .
Construction of cross-linked polymer networks
The cross-linked networks used in this study were constructed using Monte Carlo simulated annealing [23, 24] , which we have previously used to construct cross-linked epoxy networks [8, 20, 21, 24] . Briefly, the steps of this procedure are as follows. A stoichiometric reaction mixture of linear segments and cross-linkers (Figure 1b and c) is equilibrated using constant NPT MD simulation at 735 K. Next, the network topology (i.e., the connectivity of linear segments and cross-linkers) is assigned using the simulated annealing algorithm, which minimizes the total distance between all pairs of reacting atoms. For pDCPD, the reacting atoms are the carbon atoms in the methyl groups indicated in Figure 1b and c. The identified bonds are then created and gradually relaxed to their equilibrium bond lengths in a series of short MD simulations; hydrogen atoms that are eliminated as products of the cross-linking reaction (i.e., two hydrogen atoms per reacting methyl group) are removed; new angle and dihedral interactions resulting from the creation of crosslinking bonds are added; and the partial charges of atoms within two bonds of the cross-linking atoms are adjusted. Finally, the structure is relaxed with constant NPT MD simulation at 735 K for 5 ns. The structures were approximately cubic in shape with side lengths of about 13 nm at 735 K. To reduce statistical uncertainty, five independent replicas of each system were prepared by generating different initial velocities for the reaction mixture. Therefore, the network topology of each replica is different.
Characterization of network topology
Network connectivity, or topology, can be represented using mathematical graph structures. In the present study, during the Monte Carlo simulated annealing procedure the only control we exerted on the network graph was to prevent cross-linkers from forming two bonds with a single linear segment (i.e., a onemolecule loop). We initially constructed a pDCPD-3 network where some of the linear segments formed a one-molecule loop. We calculated the per-atom potential energy of atoms in these linear segments [25] . The total potential energy of linear segments in onemolecule loops was approximately 8 kJ/mol higher per segment than linear segments not involved in one-molecule loops, which suggests that the formation of these cycles is energetically disfavored during polymerization. Consequently, we chose to exclude one-molecule loops, and therefore the networks constructed here are 'ideal' in that they have no short loops that weaken the material by creating elastically inactive chains [26] .
The glass transition
The thermal and volumetric properties of the cross-linked polymer networks were assessed by annealing, i.e. a stepwise temperature change of the structures with MD simulations. Starting from a temperature well above the glass transition (735 K), the temperature was raised or lowered in steps of 15 K, and a 2 ns constant NPT MD simulation was performed at each new temperature, corresponding to a cooling rate of 7.5 × 10 9 K s −1 . This stepwise heating/cooling procedure was repeated until the range of temperatures spanned from the rubbery state at 885 K to deep in the glassy state at 90 K. Data from the first 1 ns of each temperature step was discarded as equilibration time, and the final 1 ns of each step was used to calculate thermal and volumetric properties.
Validation of network structures
The system properties were examined to verify that the structures were well-equilibrated at high temperature and stable at temperatures below the glass transition. Consistent with our Table 1 Details of pDCPD network systems. The number of molecules (#), number of atoms (N), length of linear segments (n), and molecular weight between cross-links (MC) are shown for each network.
Polymer network # linear molecules # cross-linker molecules N n MC g/mol pDCPD- 1  6300  3150  207 900  1  198  pDCPD-3  2800  1400  215 600  3  463  pDCPD-6  1458  729  208 494  6  859 previous work [20, 21, 24 ] the volume and potential energy reached a plateau during the initial 5 ns relaxation at 735 K and during each subsequent 2 ns annealing step. Furthermore, we examined the newly formed cross-linking bonds to check for unrealistically extended bonds as a result of the single-step cross-linking procedure. The average length of the newly formed cross-linking bonds during the 5 ns relaxation period was found to be essentially equal (within 0.8%) to the equilibrium bond length. Thus, we conclude that the networks do not have highly unfavorable bonds as a result of the assigned network topology or other factors.
Details of simulation protocol
Similar to our previous studies of cross-linked epoxy networks [20, 21, 24] , the general Amber force field [27, 28] was applied. Shortrange non-bonded interactions were cut off at 9Å, and long-range contributions of van der Waals interactions to the energy and pressure were estimated using tail corrections [29] . Atomic partial charges were calculated using the AM1-BCC method [30, 31] . Electrostatic interactions were calculated using the particle-particle particle-mesh (PPPM) method [32] . The velocity-Verlet integrator was used with a time step of 1.0 fs. The simulations were conducted in the NPT ensemble (i.e., constant number of particles, constant pressure, and constant temperature). A Nosé-Hoover thermostat and barostat [33] were used to control temperature and pressure using damping constants of 0.1 and 1.0 ps, respectively. Anisotropic pressure control was used to maintain a pressure of 1 atm. The simulation box was orthorhombic and periodic in three dimensions. We employed the lammps simulation package [34] (http:// lammps.sandia.gov) for all simulations. VMD [35] was used for visualization and analysis. The moltemplate program [36] (http:// www.moltemplate.org) was used in constructing the cross-linked polymer networks.
Results and discussion
Volumetric and thermal properties of pDCPD networks
During the simulated annealing procedure, we calculated thermal and volumetric properties for the three pDCPD networks. Figure 2a shows the temperature-dependent specific volume, (T), from which the glassy and rubbery regions can be identified as linear trends in (T). To identify these linear regions, we calculated the coefficient of volumetric thermal expansion (CVTE):
As temperature decreases, the CVTE displays three general regions (Figure 2b ). At high temperatures, the CVTE is large and essentially constant. At intermediate temperatures, the CVTE sharply decreases with decreasing temperature. At low temperatures, the CVTE is small and essentially constant. We refer to these high and low temperature regions, which are indicated by the dashed vertical lines in Figure 2b , as the rubbery and glassy regions, respectively.
We take the glass transition temperature, T g , as the inflection point in (T) between the glassy and rubbery regions. In experiments the glass transition is sharp and well-defined, but in simulations the glass transition is broadened by the high cooling rates that must be used [20] . To determine T g from the simulated (T) data, we calculated the intersection of linear fits to the rubbery and glassy regions. The calculated value of T g is sensitive to the regions of (T) that are used for linear fitting. As recommended in the literature [20] , we used regions of (T) data where the CVTE is stable and that are far from the transition region (≤180 K and ≥675 K, as indicated by dashed vertical lines in Figure 2b ). The simulated glass transition temperatures of pDCPD-3 and pDCPD-6 are 448 ± 5 K and 462 ± 3 K, respectively. The similarity of these two values is reasonable given that the molecular weight between cross-links is not that different; in a previous simulation study of epoxy thermosets, doubling M C resulted in only a modest change in T g [37] . Interestingly, no inflection point is evident for pDCPD-1, indicating that no glass transition occurred on the timescale of these simulations, even at very high temperatures. We presume that the high extent of cross-linking in pDCPD-1 created a highly rigid network structure, thereby eliminating the large-scale segmental motions associated with the glass transition.
In a recent experimental study, Knorr et al. found that crosslinked pDCPD with M C = 670 g/mol, which is intermediate between pDCPD-3 and pDCPD-6, has a glass transition temperature of 415 K [8] . The disparity of about 40 K between the simulated and experimental T g values is attributable to the vast difference in cooling rate between simulated and experimental systems (i.e., ∼11 orders of magnitude faster in simulations). One method to correct for the difference in cooling rate is to assume an increase in T g of roughly 3-5 K for every order of magnitude increase in cooling rate [38] , which yields a reasonable estimate for the shift in T g (33-55 K). Considering the difference in cooling rate between experiment and simulation, the estimates of simulated T g are reasonable.
Next we discuss the effect of M C on the thermal and volumetric properties of pDCPD. In the rubbery region, increasing M C (i.e., going from pDCPD-1 to pDCPD-3 to pDCPD-6) increases both the specific volume and the CVTE (Figure 2 ), which is a typical trend with M C [2, 21, 37] . In the glassy region, CVTE is not strongly affected by M C , because at low temperature chain entropy is dominated by intermolecular interactions, which are largely independent of chain connectivity. However, specific volume increases slightly with decreasing M C in the glassy region. This result can be explained by a reduction in packing efficiency near the relatively rigid pDCPD cross-links, as rigid cross-links are suggested to reduce packing efficiency in their vicinity [14] . Additionally, as M C decreases the linear segments become more rigid, which likely decreases the packing efficiency by limiting the configurations available to the chains.
Comparison with experiment
We compare our values with the experimental results of Knorr et al. [8] , which are summarized in Table 2 . The experimental specific volume of pDCPD is 0.96 cm 3 /g in the glassy region (room temperature, 295 K) and 1.02 cm 3 /g in the rubbery region (T g + 50 K, 465 K) [8] . These values are in good agreement with the simulated specific volume, which is 0.98 cm 3 /g at 295 K and 1.03 cm 3 /g at 465 K. Experimental values of the coefficient of linear thermal expansion, which is one-third the CVTE, are available [8] . The experimental values of CVTE in the glassy and rubbery regions are about 2.6 × 10 −4 K −1 and 6.2 × 10 −4 K −1 , respectively, whereas the simulated CVTE values are approximately 25% lower (∼2 × 10 −4 K −1 and ∼4.5 × 10 −4 K −1 ). The lower values of CVTE in simulations can be attributed to the ideal structure of the simulated networks (e.g., no one-molecule loops, no dangling ends, no polydispersity), whereas experimental samples likely contain topological imperfections that enable the network to expand by a greater extent with increasing temperature. Overall, we find the agreement between experiment and simulation is satisfactory for the purpose of studying molecular motions associated with the glass transition.
Molecular mechanisms of the glass transition
The glass transition occurs when the timescales of molecular relaxation and of observation are comparable [39] . A simple way to examine relaxations is through the motions of individual atoms [40] , which we quantify by calculating the root-mean-square fluctuation (RMSF) of each atom over a period of time:
where T is the number of snapshots over the time period, r i (t) is the position of atom i in each snapshot t, andr i is the average position of the atom during the time period. Larger values of RMSF indicate greater atomic mobility. First, we consider the effects of M C and the length of the time period T (Figure 3a) . For pDCPD-3 and pDCPD-6, increasing the time period increases the average RMSF, whereas for pDCPD-1 the time period has no effect on the average RMSF. This result suggests that atoms in pDCPD-1 are confined to small spatial regions; they are essentially frozen in place relative to the network structure, even at high temperature. Below T g , the atomic mobility is similar regardless of M C , because the behavior is dominated by non-covalent interactions rather than by chain mobility. In all three networks, increasing temperature increases average atomic mobility, and the trend is similar to that of the specific volume (Figure 2a ): in pDCPD-3 and pDCPD-6 the atomic mobility increases at a greater rate above T g , while in pDCPD-1 mobility increases at a constant slow rate. Heterogeneous mobility is associated with the glass transition in cross-linked epoxy [40] . To examine heterogeneity in atomic mobility, we calculate the average RMSF for each chemicallyunique atom within the pDCPD network structure. Some atoms have greater mobility than others, as shown qualitatively in Figure 3b . In particular, atoms at the tip of the cyclopentenic rings in the linear segments (labeled G1) have the highest mobility, while atoms in the cross-link cyclopentanic rings (labeled G2) have the lowest mobility. We quantify this difference in Figure 3c , which shows the mobility of these atom groups relative to the average: regardless of M C , the linear segments are more mobile, and crosslinks are less mobile. This is a reasonable result, since the cross-links are constrained in multiple opposing directions and, likewise, the linear segments are less constrained. These results are unsurprising given the success of spatially-constrained cross-links in theoretical models of rubber elasticity [41] .
Although the atomic mobility demonstrates small-scale relaxations, the glass transition is associated with large-scale relaxations of polymer segments (i.e., the ␣-relaxation). To characterize the timescale of segmental relaxation, we calculate the autocorrelation function of the end-to-end vectors, ៝ R EE , of linear segments in pDCPD-6 (Figure 4a) . The autocorrelation function, C(t), shows the relaxation rate of linear segments and is defined as: where R EE is the end-to-end distance, t 0 is the initial time, t is the current time, and angle brackets indicate ensemble averaging. At low temperatures, segmental relaxation occurs slowly, while increasing the temperature accelerates relaxation (Figure 4b) . To quantify the effect of temperature, we fit C(t) to a stretched exponential function:
where C 0 ≈ 1.0 is a fitting coefficient, is a time constant, anď KWW is the Kohlrausch-Williams-Watts stretching exponent [42] . Stretched exponential functions are commonly used to describe the broad relaxation times associated with the glass transition [43] , and Eq. (5) fits our data well (dashed lines in Figure 4b ). The characteristic relaxation time C of linear segments is then given by:
where is the gamma function, and the characteristic rate of segmental relaxation is taken as
. The characteristic rate decreases approximately linearly with inverse temperature over the entire temperature range, 90-885 K. We model the temperature dependence of the end-to-end relaxation using the Arrhenius equation:
where A is the frequency pre-factor, E a is the activation energy, and R is the gas constant. We determine E a by fitting Eq. (7) to the temperature-dependent relaxation rates, which yields an activation energy of E a = 697 ± 155 kJ/mol. This value of E a is consistent with typical activation energies for ˛-relaxations (e.g., ∼160-800 kJ/mol in cross-linked networks [9, 44, 45] ), suggesting that these segment-scale motions are indeed a major factor in the glass transition of pDCPD. Sub-segmental molecular motions that occur below T g can contribute to mechanical properties and have been reported to influence ballistic performance [9, 10] . Thus, the incorporation of specific molecular motions with known characteristics can be used to tune material properties. Knorr et al. used dielectric spectroscopy to identify two sub-T g transitions that were associated with molecular motions in pDCPD and reported their activation energies [8] . The ˇ-transition (E a,ˇ= 76 kJ/mol) was suggested to be associated with ring motions, and the ı-transition (E a,ı = 32 kJ/mol) was suggested to be associated with linkages between DCPD monomers. We note that these activation energies are typical of sub-T g relaxations (10-80 kJ/mol) [9] . We now quantify several sub-segmental motions for the purpose of identifying specific molecular motions and associating these with sub-T g transitions in pDCPD.
We first examine a motion that is related to the greater mobility of the cyclopentenic rings in the linear segments. We describe a twisting motion between neighboring DCPD monomers in linear segments using a torsion angle (Figure 5a ). To quantify this twisting motion, we calculate the autocorrelation function of the torsion angle, Â, which is defined as: where t 0 is the initial time, t is the current time, and angle brackets indicate ensemble averaging. We perform the Arrhenius analysis using Eqs. (5)- (8), yielding an activation energy of E a = 225 ± 12 kJ/mol. This value is larger than typical sub-T g activation energies, suggesting that the twisting motion is associated with the ˛-transition.
In some common epoxy networks, the ˇ-relaxation is associated with ring flip motions [11] , thus we examine the motions of the cyclopentanic rings in linear pDCPD segments. To alleviate ring strain, cyclopentane rings assume non-planar conformations with one or two carbon atoms out-of-plane from the other atoms [46] . The out-of-plane atom(s) can flip between sides of the ring plane, forcing the substituents of those atoms to swap between axial and equatorial positions (Figure 5b, top) . In linear pDCPD, these ring flip motions lead to a concerted motion of the cyclopentanic group and other carbon atoms in the network backbone, which is conveniently described by an angle between three atoms (Figure 5b, bottom) . The Arrhenius analysis yields an activation energy of E a = 166 ± 16 kJ/mol. This barrier is larger than typical sub-T g relaxations, suggesting that the ring flip and concomitant backbone rearrangement are associated with the ˛-relaxation. We speculate that the intra-chain twisting (Figure 5a ) and ring flip (Figure 5b ) motions may facilitate the inter-chain motions of thę -relaxation by rearranging the segment backbone. Another ring-related motion occurs in linear pDCPD segments when the cyclopentenic and cyclopentanic rings twist relative to each other (Figure 5c ). We define a torsion angle that qualitatively correlates with the twisting motion and conduct the Arrhenius analysis, which yields an activation energy of E a = 40 ± 2 kJ/mol. This value is in the range typical of sub-T g relaxations, and it is similar to the experimental value E a,ı = 32 kJ/mol in pDCPD, suggesting that this twisting motion is associated with the ı-relaxation in pDCPD.
Knorr et al. suggested that the ı-relaxation in pDCPD may be associated with the short linkages between cross-links and linear segments [8] . In each cross-link, one of these linkages is one carbon longer and more flexible than the others (Figures 1c and 5d ). This linkage resembles a single repeat unit of linear polybutadiene, which has a ˇ-relaxation with E a = 42 kJ/mol [47] . We characterize the crankshaft motion of this linkage by defining a torsion angle around the central bond (Figure 5d ) and conducting the Arrhenius analysis, yielding E a = 67 ± 5 kJ/mol. This value is larger than thě -relaxation in polybutadiene and the experimental E a,ı , but it is similar to the experimental value E a,ˇ= 76 kJ/mol in pDCPD, suggesting that this motion is instead associated with the ˇ-relaxation in pDCPD. This relaxation does not occur at the other linkages between pDCPD monomers, because the torsion across the double bond in these linkages does not significantly relax at any temperature, as this would require a cis-trans isomerization.
Conclusion
We conducted atomistic molecular dynamics simulations of cross-linked poly(dicyclopentadiene) (pDCPD) networks with the goal of characterizing the glass transition behavior. We developed three model pDCPD systems with differing molecular weights between cross-linking junctions. The simulated networks were annealed through the glass transition. The thermal and volumetric properties were assessed (i.e., specific volume, coefficient of thermal expansion, glass transition temperature) and found to be in reasonable agreement with experimental values, although the T g and coefficient of thermal expansion were higher and lower than experiments, respectively. These discrepancies are common in simulations of polymer networks, where the increased T g is typically attributed to the high simulated cooling rate, and the lowered volumetric expansion to the ideal topology of the simulated networks.
The molecular mechanism of the glass transition was assessed by measuring the mobility of atoms across the glass transition. Atoms belonging to cross-linkers have only modest mobility above T g , and are immobile below T g compared to other atoms in the network. Conversely, the atoms in linear segments are highly mobile above the glass transition but are reduced to essentially the same low mobility as other atoms at temperatures below T g . If all of these highly mobile atoms are constrained by cross-linking reactions, as in one of our systems (pDCPD-1), the glass transition is completely removed.
We also examined molecular motions at various length scales. At the highest scale, we quantified the relaxations of linear pDCPD segments, finding an activation energy (∼700 kJ/mol) that is consistent with typical ˛-relaxations. At smaller scales, we identified an inter-monomer twisting motion, and we identified an intra-monomer motion involving a concerted cyclopentane ring flip and local rearrangement of the network backbone. These two motions, due to their large activation energies (∼200 kJ/mol), also appear to be associated with the glass transition. These motions may be intra-chain motions that facilitate the concerted inter-chain segmental motions of the ˛-relaxation. At the smallest scale, we identified a crankshaft motion in a linkage between cross-links and linear segments, which has an activation energy (∼70 kJ/mol) consistent with typical sub-T g relaxations and with the experimentaľ -transition. Finally, we identified a ring twisting motion in the double-ring hexahydropentalene units in linear pDCPD with an activation energy (∼40 kJ/mol) characteristic of sub-T g relaxations and similar to the experimental ı-transition.
A recent study by Knorr et al. demonstrated that cross-linked pDCPD networks can overcome what is often a trade-off of mechanical properties between strength and toughness [8] . Specifically, cross-linked pDCPD was found to have exceptional ballistic performance compared to epoxy resins, which appears to be related to the high fracture toughness of pDCPD. The molecular mechanism underlying this exceptional toughness was not readily identifiable; however, pDCPD contains numerous bulky sidechains that may improve ductility by reducing packing efficiency. Building upon the present study where we investigated the thermal properties of pDCPD, in future work we will investigate the role of side chains and other local network structures on the mechanical properties of pDCPD networks.
